pinal fusion has become a standard of care for numerous pathological conditions of the human spine. This surgery eliminates painful motion and allows decompression of the neural elements without further destabilizing the spine. In the US, the annual incidence of spinal fusions has increased more than 600% between the 1990s and 2011. Currently, about 450,000 spinal fusion surgeries are performed each year in the US. 4 However, spinal fusion increases the stress on the nonoperated adjacent segments, and in the long term, patients are at risk for developing a common complication called adjacentsegment disease (ASD).
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surgeon reluctance, or effective medical treatment, clinical or radiographic adjacent-segment degeneration do not always warrant revision surgery. 3, 8, 15, 16 Some studies have tried to identify variables associated with the risk of revision surgery, but the sample size was small. 17 In others, the number of predictors investigated was limited 14 or limited to the patient or the type of surgery performed. 15, 18 Because of these limitations, we decided to conduct a large multicenter cohort study to identify variables associated with the risk of revision surgery.
We conducted a retrospective cohort prediction model study to seek variables associated with the development of ASD in patients undergoing short lumbar or lumbosacral fusion.
methods data Source
This was a multicenter retrospective study including 27 centers through the Société Française de Chirurgie du Rachis (French Society for Spine Surgery). All centers are tertiary care centers and specialize in spine surgery. They are widely distributed geographically across France. Accrual dates were from January 2000 to January 2005; end of follow-up was April 2010.
participants and treatment
Patients were included if they had undergone a short (≤ 3 levels, between L-3 and S-1) lumbar or lumbosacral fusion for a degenerative condition during the study period (2000) (2001) (2002) (2003) (2004) (2005) . Patients were excluded if the index surgery was performed for a trauma or a tumor; if they had a history of infection; or if they had undergone previous spinal surgery. No selection was based on the surgical treatment received for short lumbar or lumbosacral fusion. The initial treatment included posterolateral fusion without instrumentation, posterolateral fusion with instrumentation, anterior lumbar interbody fusion (ALIF), posterior circumferential fusion, and 2-stage circumferential fusion.
outcome variable
The outcome that was predicted was revision surgery for ASD. Patients were offered revision surgery if they had radiculopathy or low-back pain, had been offered medical treatment including local steroid injections when relevant and physiotherapy, and had radiological signs of ASD. The outcome was assessed both clinically and by imaging studies (radiographs, and MRI and CT scans when relevant) on an annual basis. Ultimately, the decision for revision surgery was shared between the surgeon and the patient.
predictor variables
Predictors 
Statistical analysis
The outcome of interest was the cumulative probability of revision surgery for ASD. Estimations and 95% confidence intervals (CIs) were computed with the KaplanMeier function. 11 Cox proportional hazard models were built to assess the effect of relevant predictors. Predictors were assessed first in univariate models, and those with a substantial effect on the outcome of interest were then fitted into a multivariate model. All tests were bilateral at the 0.05 level and were based on the log-rank test. Unless specified otherwise, the words ''risk'' and ''hazard'' refer to the cause-specific hazard. No study sample size was computed a priori: all eligible patients over the study period were considered for inclusion. No imputation method was used to deal with missing data. Two post hoc analyses were conducted: first we compared the proportion of patients with and without the S-1 level fused in the DSPL to explain discrepancies between uni-and multivariate analyses. Second, we compared the characteristics of patients with more than 4 years of follow-up with those having 4 years or less of follow-up to look for an attrition bias. All analyses were performed using commercial software (Stata, version 11.0) and R (version 3.1.3., R Core team).
results participants
Included in the study were 3338 patients who met the inclusion criteria. The mean follow-up duration was 7 years (range 4-10 years). The mean age at the time of initial surgery was 51.2 ± 14 years, and the male to female ratio was 0.75 (1430 men and 1908 women). Short fusion was conducted in 1374 (41.3%) patients for DSPL. The main surgical technique was posterolateral fusion with instrumentation in 2091 patients (62.6%); 2454 patients (73.5%) had only 1 level fused; the S-1 level was included in the fusion in 1658 patients (49.7%). A laminectomy was performed in 2703 patients (81%), and it was extended above the fusion in 8.6% (Table 1) .
During follow-up, 186 (5.6%) patients underwent revision surgery for ASD. Figure 1 shows survival probability of not having revision surgery for ASD over time. The cumulative incidence of revision for ASD was 1.7% (95% CI 1.3%-2.2%) at 2 years, 3.8% (95% CI 4.9%-6.7%) at 4 years, 5.7% (95% CI 4.9%-6.7%) at 6 years, and 9% (95% CI 8.7%-10.6%) at 8 years (Fig. 1) . The main reason for revision surgery for ASD was stenosis in 124 patients (66.7%), which was associated with a spondylolisthesis above the fusion in 50 patients (26.9%). Revision surgery for another reason was needed in 99 patients (3.1%), and the main reason was pseudarthrosis in 50 patients (50.5%).
predictors
Three variables were significantly associated with re-vision surgery for ASD in univariate models: age (linear HR 1.01, 95% CI 1-1.02), initial spinal disease (DSPL: HR 2.1, 95% CI 1.4-3.1; p = 0.0004), and including the S-1 level in the fusion (HR 0.73, 95% CI 0.54-0.98; p = 0.037). The other variables tested-sex, surgical fusion technique, number of levels fused, and if a laminectomy was necessary-were not significantly associated with the revision surgery for ASD (Table 2 ). In the multivariate regression model, only initial spinal disease affected the risk of ASD requiring surgery (p = 0.0003). The highest risk was observed for DSPL (Fig. 2) . Only initial spinal disease remained significant in the multivariate regression model, with DSPL being associated with the highest risk (HR 2.5, 95% CI 1.5-4.1; p = 0.0003).
The number of patients still at risk (during follow-up) was 3270 (98%), 2690 (81%), 1490 (45%), and 569 (17%) at 2, 4, 6, and 8 years, respectively. The comparison of patients with ≤ 4 years of follow-up showed slight discrepancies of little clinical relevance (Table 3) . We found that significantly fewer patients with DSPL had the S-1 level fused (22% [n = 364] of patients with S-1 fused vs 60% [n = 1010] without fusion).
discussion
At 10 years of follow-up, about 25% of patients undergoing short lumbar fusion will develop ASD. 18 Although risk factors have been sought for the risk of clinical ASD, because of limitations of previous studies, we decided to conduct a large multicenter cohort study to identify variables associated with the risk of revision surgery.
In our study, only initial spine disease, and mainly DSPL, was independently associated with an increased risk for developing revision surgery. Indeed, the natural history of the degenerative spine appears to play an important role in the occurrence of ASD requiring surgery. This is consistent with previous reports. Previous studies have identified age greater than 60 years and having preexisting disc and facet degeneration on preoperative MRI of the segment above the fusion as risk factors for developing clinical ASD.
1,10,14 Lee et al., in a retrospective series of 490 patients, also reported that ASD requiring surgery was more likely when patients were older than 60 years. 15 In our study, age was identified as a predictor in the univariate model but not in the multivariate model. Therefore, we hypothesize that it is not age per se but more the degenerative status of the spine at the time of surgery that plays The effect of the number of levels fused because of the risk of developing ASD remains debated. Sears et al., in a retrospective series of 912 patients, reported that patients with 3 or more levels fused had 3 times more risk of developing clinical ASD than those with fewer than 3 levels fused. 18 In contrast, Ghiselli et al. 7 in a retrospective series of 215 patients reported an increased risk of developing ASD in patients undergoing a single-level fusion compared with those having multiple levels fused. In the present study, we did not identify any association between the number of fused levels and ASD requiring surgery. Including S-1 in the fusion appears to prevent ASD in our univariate analysis. This is consistent with previous findings. For instance, Disch et al. 5 reported that in contrast to floating fusions, fusions including the lumbosacral junction had a significantly lower risk for ASD in the cranial segment. However, in the multivariate regression, when both "S-1 fusion" and "degenerative spondylolisthesis" are included in the model, only DSPL remains significant. We therefore cross-tabulated "including the S-1 level in the fusion" and "initial spinal disease." We found that these 2 variables are strongly associated (p < 0.0001). We can see that only 22% (n = 364) of patients with S-1 fused had the operation for DSPL, but it was 60% (n = 1010) of patients without S-1 fused who required revision surgery. Therefore, the effect observed in the univariate model for S-1 is accounted for by initial spinal disease. In the multivariate model, "including the S-1 level in the fusion" had no more effect. Additional laminectomy was not reported as an added risk for ASD requiring surgery in our study, unlike as some authors have reported. Surgical fusion methods were recently reported as a risk factor of ASD requiring surgery. Lee et al., 15 in a retrospective series of 490 patients, reported that patients who underwent posterior lumbar interbody fusion were 3.4 times more likely to develop ASD requiring surgery than those who underwent posterolateral fusion. 15 Their hypothesis was that the use of an interbody device may increase segmental rigidity and increase stress transfer to the adjacent segment. 19 In our series, the predominant fusion method was posterolateral fusion without an interbody device. This could explain why this variable was not associated with an increased risk in our series.
Our study has several limitations. First, because of the retrospective design of the study, patients may have been followed differently depending on their clinical status (attrition bias). However, we compared the characteristics of patients with different follow-up and did not find clinically important differences. Second, the primary outcome criterion was based on patient and surgeon decision, and there was no consensual indication for revision surgery. Despite revision surgery for clinical ASD having shown some benefits, 3 revision surgery was the decision of the individual surgeon, and surgical indication for the adjacent segment could be different between 2 centers. However, all surgeons were experts and worked in high-volume centers, therefore limiting this bias.
Sagittal alignment after index surgery as a risk factor of ASD requiring surgery was not studied in our series. It has been suggested that sagittal alignment may contribute to adjacent-segment degeneration. 12 However, all patients were operated on by expert surgeons, and it is unlikely that they would have offered a short fusion in cases of lumbar or global malalignment. This large multicenter cohort study, however, allows important generalizability of the results.
conclusions
Revision surgery for ASD was required in 5.6% of patients 7 years after short lumbar spinal fusion. The only independent predictor of ASD in this large retrospective study was the initial spinal disease with an increased risk of 3.1 in cases of DSPL. 
